ABSTRACT Conditions are described for the reproducible assay of substances affecting the in vitro rate of aggregation of isolated chick embryo hepatocytes. Two low molecular weight (<1000) fractions-one that promotes hepatocyte aggregation (HAP) and the other that inhibits this stimulation (HAI)-have been isolated and partially purified from adult chicken liver. One major active component of HAP was identified as taurine (2-aminoethanesulfonate). The presence of HAP during the entire time of assay was required for largest aggregate formation. HAP had no effect on aggregation of chick embryo neural retina, kidney, or heart cells. Our results and the fact that puromycin completely inhibits aggregate formation suggest that HAP and HAI influence the specific synthesis and interaction of membrane macromolecules involved in the aggregation process. Dissociated cells from embryonic tissues will reaggregate under suitable conditions in vitro to form multicellular structures resembling the original organs (1, 2). This intercellular adhesion is selective for cells from the same or closely related tissues and is thought to be comparable to the processes that occur during in vivo embryonic histogenesis. Several hypotheses involving the participation of cell-specific ligands have been proposed to explain cellular aggregation (2-5), but the molecular events underlying these processes are not clearly understood. Involved structures include proteoglycans for aggregation of sponge cells (6), glycoproteins for chick embryo neural retina and cerebral lobe cell aggregation (7, 8) , L-ascorbic acid and L-glutamine to stimulate the formation of stable, compact aggregates from chick embryo hepatocytes (9), glycolipid or glycoprotein receptors for aggregate formation of hamster fibroblasts in culture (10, 11) , and also phospholipids in the adhesion of neural retina cells (12) .
been isolated and partially purified from adult chicken liver. One major active component of HAP was identified as taurine (2-aminoethanesulfonate) . The presence of HAP during the entire time of assay was required for largest aggregate formation. HAP had no effect on aggregation of chick embryo neural retina, kidney, or heart cells. Our results and the fact that puromycin completely inhibits aggregate formation suggest that HAP and HAI influence the specific synthesis and interaction of membrane macromolecules involved in the aggregation process. Dissociated cells from embryonic tissues will reaggregate under suitable conditions in vitro to form multicellular structures resembling the original organs (1, 2) . This intercellular adhesion is selective for cells from the same or closely related tissues and is thought to be comparable to the processes that occur during in vivo embryonic histogenesis. Several hypotheses involving the participation of cell-specific ligands have been proposed to explain cellular aggregation (2) (3) (4) (5) , but the molecular events underlying these processes are not clearly understood. Involved structures include proteoglycans for aggregation of sponge cells (6) , glycoproteins for chick embryo neural retina and cerebral lobe cell aggregation (7, 8) , L-ascorbic acid and L-glutamine to stimulate the formation of stable, compact aggregates from chick embryo hepatocytes (9) , glycolipid or glycoprotein receptors for aggregate formation of hamster fibroblasts in culture (10, 11) , and also phospholipids in the adhesion of neural retina cells (12) .
As an approach to investigating molecular mechanisms involved in the development of differentiated function in specialized tissues, we have chosen to study the growth and behavior of chick embryo hepatocytes in vitro. The avian embryo, in contrast to mammalian embryos, lacks a maternal blood supply of glucose and must actively synthesize carbohydrate (13) . As a necessary consequence, chick embryonic liver has a high gluconeogenic capacity, which is absent until after birth in mammalian livers (14) . Our preliminary studies have shown that suspensions of isolated hepatocytes prepared by trypsinization of 12-day chick embryo livers retain high gluconeogenic capacity and activity of fructose-1,6-bisphosphatase (Fru-P2ase) (15) , an obligatory enzyme for gluconeogenesis. The specific activity of this enzyme (0.3 International unit/mg of protein at 30°) was 10 times that found in rat liver.
During studies on the stimulation of aggregation of isolated chick embryo hepatocytes by chick embryo extract, we deThe costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
tected the presence of a heat-stable, low molecular weight promoter of aggregation in both embryonic and adult liver. In the present communication, we report on the assay, partial characterization, specificity, and mode of action of this factor, and the occurrence in liver of an additional factor that competitively inhibits hepatocyte aggregation. Preliminary reports of this work have been presented (16, 17 Partial Purification of Hepatocyte Aggregation Promoter (HAP) and Inhibitor (HAl). Frozen chicken livers were broken into small pieces and homogenized in two volumes of 10 mM NaHCO3 for 2 min at 4°in a Waring Blendor run at maximum speed. The homogenate was centrifuged at 31,000 X g for 15 min and the supernatant was further centrifuged at 107,000 X g for 60 min. The high-speed supernatant was filtered through an Amicon UM2 membrane and the filtrate was concentrated by flash evaporation (crude HAP). Desalting, further fractionation, and partial separation from HAI were achieved by passage through a Sephadex G-10 column (2.5 X 94 cm).in 0.1 M NH4HCO3 (pH 7.4). Pooled fractions containing H4AI activity (relative elution volume Vle/Vo = 1.3) and HAP activity (Ve/Vo = 1.5) were evaporated and redissolved in water. The factors were completely separated from salt (Ve/Vo of Cl-=
1.8).
Crude preparations stored frozen were boiled for 5 min to ensure that all insoluble material redissolved before assay. Fractions after the G-10 column purification completely redissolved upon warming at 37°.
Concentrations of HAP and HAI in the assay are expressed as percent liver weight equivalent, which is the amount of soluble extract from a known weight of liver per volume of aggregation medium. For example, a 3% liver weight equivalent means that each ml of aggregation medium contained the soluble extract from 30 mg wet weight of liver.
RESULTS
Using techniques for studying specific cell aggregation developed by Moscona (1), we found that the formation of aggregates by isolated hepatocytes in rotary culture was not altered by replacing glucose with lactate or dihydroxyacetone, whereas the number of fibroblast-like cells adhering to flask walls (with no Fru-P2ase activity) was reduced significantly. Cells, including fibroblasts, that have no gluconeogenic capacity cannot grow without added carbohydrate (18, 19) . After 2-3 days in rotary culture, Fru-P2ase activity in aggregates was still present at the original levels (0.1-0.3 unit/mg).
Some of our first observations of an enhancement of hepatocyte aggregate formation are shown in B show the extent of aggregation in control flasks after 0 and 27 hr of incubation. The further addition of chick embryo extract and whole chicken serum caused a marked increase in both .the size and compactness of the liver aggregates (Fig. 1C) . A factor that stimulated aggregation was detected in dialysates from such chick embryo extracts and found in high concentration in dialysates of chick embryo liver homogenates. Similarly prepared Amicon UM2 filtrates from adult chicken liver also had high activity either before (compare frames D and E) or after salt had been removed (compare frames F and G) on a Sephadex G-10 column.
The size of aggregates formed in our assays depended on the concentration of hepatocyte aggregation promoter (HAP) in the medium. The average aggregate area was determined by measuring all the aggregates in a photograph of a typical field with a planimeter. With crude preparations (Amicon UM2 filtrates), largest aggregates were obtained at a concentration of 6% liver weight equivalent (Fig. 2, curve A) (Fig. 2, Stimulation by HAP of increased aggregation of single hepatocytes prepared using EDTA (21) followed the same pattern as seen with trypsin-dissociated cells.
Cell and Chemical Specificity. HAP appeared to be specific for stimulation of hepatocyte aggregation. No effect was seen on the aggregation of 9-day chick neural retina or 13-day chick kidney and heart cells. Glucose (1.0 mg/ml) was included in the basal aggregation medium in these experiments, because neural retina and heart cells do not have gluconeogenic capacity. This addition had no effect on HAP-stimulated aggregation with either 9-or 13-day hepatocytes included as positive controls. In 14-day embryos, the highest concentrations of HAP were found in liver, although significant quantities were present in brain and a small amount of activity was extracted from the remainder of the embryo. None of the following compounds had any effect on hepatocyte aggregation: 0.1 mM cyclic AMP, 10 AtM cyclic GMP, 1 mM glucose, 0.1 mM N-acetylneuraminate, 0.1 mM glutathione, 0.05 mM 2-mercaptoethanol, ascorbic acid at 0.6 mg/ml, 0.05-2 mM phosphoethanolamine, or the growth promoting tripeptide Gly-His-Lys at 3.6 ,tg/ml. Partial inhibition of aggregation was seen with 1-2 mM N6, 02'-dibutyryl cyclic AMP. Further Purification of HAP and Identification of One Major Component as Taurine. After desalting, active material was separated from reducing sugars and further fractionated on a silica gel column by elution with 1-propanol/H20 (9:1, vol/vol), followed by cellulose thin-layer chromatography (TLC) in phenol/H20 (8:2, wt/vol) (RF = 0.26), and thin-layer electrophoresis (TLE) (1 M acetic acid/0.3 M formic acid, pH 2.25). HAP activity was found to be coincident with a single ninhydrin-positive spot upon TLC in I-propanol/H20 (7:3, vol/vol) (RF = 0.16), 1-butanol/acetic acid/H20 (4:1:5, vol/vol) (RF = 0.07), and phenol/H20, and upon TLE at pH 2.25 (22) .
Acid-hydrolyzed material retained its very low mobility at pH 2.25 in'TLE, suggesting that HAP contained a group more acidic than a carboxyl-possibly a phosphate or sulfate. Furthermore, TLE completely separated hydrolyzed HAP from a mixture of 20 known amino acids and gave no evidence for more than one amino compound.
This active component of HAP was characterized as taurine (2-aminoethanesulfonate) by automated amino acid analysis cochromatography, TLE, and cellulose TLC in four solvent systems (which clearly separated taurine, phosphoethanolamine, and urea). Furthermore, authentic taurine, including a synthetic sample, had biological activity in the hepatocyte aggregation assay equal to that found with homogeneous factor isolated as described above. Taurine exhibited a sub-maximal stimulation of aggregation at 0.01 mM and its maximal effect at 0.05 mM.
Histological sections of hepatocyte aggregates formed in the presence of either crude HAP or taurine were identical with sections of chick embryo liver. In addition, electron micrographs revealed the presence of tight junctions identical to those seen in whole liver (23) .
Requirement for an Additional Factor. There was a decrease in the effective recovery of active HAP during each step of our purification, which we assumed was due partially to a loss of active material as well as inhibition of aggregation by accumulation of trace impurities from solvents and TLC plates. Identification of taurine enabled us to establish that there was a requirement for an additional factor which was lost during the above purification procedure. Thus, excess taurine increased the rate of aggregation to only about 50% the rate seen with crude material. Results comparing aggregate size after 24 hr in a control, in the presence of excess taurine, and with crude HAP (containing ca 0.07 mM taurine as estimated after purification) are illustrated in Fig. 5 . Kinetic studies showed that only additional time was needed to reach an aggregate area equivalent to that found with crude HAP. However, reducing the number of cells in the assay by half increased the difference in aggregate size found between taurine and crude HAP and gave us a more sensitive assay for the additional stimulatory compound.
The mode of action of taurine is unknown, but conversion to conjugated bile salts does not appear to be involved in the increased rate of aggregation. Thus, cholate (0.1 mM), taurocholate (0.01-1 mM), or taurodeoxycholate (0.01-0.1 mM) had no effect on aggregation. Higher levels of taurodeoxycholate or taurochenodeoxycholate (1 mM) produced lysis of cells upon overnight incubation. Also, the additional factor in HAP does not appear to be related to these compounds, because it was insoluble in chloroform/methanol (2:1, vol/vol) .
Properties of HAI. This factor (see Fig. 3 nol/acetic acid/H20 (RF = 0.08), and TLE at pH 2.25. Its higher mobility than taurine toward the cathode at this pH suggested the presence of a net positive charge.
DISCUSSION
We have shown the occurrence of a fraction in embryonic and adult chicken livers that specifically enhances the histotypic aggregation of chick embryo hepatocytes. Unlike other reported aggregation-promoting factors, which are glycoproteins (7, 8) , HAP is comprised of low molecular weight, heat-stable compounds. A material, probably derived from fetal bovine serum, that enhanced chick embryo hepatocyte aggregation was previously described by Lilien (24) . It was lost upon dialysis and may be related to HAP. Other compounds tested, including the serum tripeptide Gly-His-Lys, which prolongs the survival of normal rat hepatocytes and stimulates growth of hepatoma cells (25) , and glutathione, identified as a growth-promoting factor for chick fibroblasts in chick embryo extract (26), did not stimulate hepatocyte aggregation.
Several growth-stimulatory factors for established cell lines have been isolated from serum (27), brain and pituitary homogenates (28) , and proteolytic digests of protein fractions (29) . Partially purified HAP also was found to increase the plating efficiency and growth of hepatocytes in monolayers (unpublished observations). However, HAP appears unique in that it stimulates the selective aggregation of chick embryo hepatocytes. One of the components of HAP has been identified as taurine. High levels of free taurine have been reported in cat liver (14 mM) (30) and chick embryo liver (5 mM) (31) . Taurine alone did not stimulate maximal aggregation of chick embryo hepatocytes, even at much higher concentrations than the concentration contributed by HAP in the assay.
The possibility that HAP merely increased lysis of cells with an accompanying nonspecific "agglutination" or clumping is not supported by any of the following observations: (i) Histological sections of aggregates were identical with those of chick embryo liver. (ii) No stimulation of aggregation was seen in the presence of bile acid conjugates. (iii) Inhibition of protein synthesis by puromycin addition completely inhibited aggregate formation. (iv) In our experiments, 40-60% of the initial Fru-P2ase activity was recovered in aggregates after 24 hr of rotary shaking and the specific activity was equal to that of the Cell Biology: Sankaran et al. 4490 Cell Biology: Sankaran et al.
starting cells (0.3 units/mg). In fact, higher recoveries of enzyme were found with HAP addition than in control flasks. The high recovery of a specific gluconeogenic enzyme further supports our contention that specific aggregation of hepatocytes is occurring. Fru-P2ase is found in such high concentrations only in chick embryo liver and kidney.
Specific factors similar to HAP may be present in other embryonic as well as adult organs and may play a role in the maintenance of their morphology and differentiated functions. It is of interest to note that a peptide (molecular weight ca 900) has been shown to increase the rate of head formation and tentacle regeneration and to stimulate bud formation in hydra (32) .
Cell aggregation consists of several steps, which may be classified into three main phases (33)-primary random clustering of cells, sorting out and fusion of the primary clusters, and further histogenesis and differentiation of the aggregates. Because the presence of HAP is continuously required for the formation of large aggregates of chick embryo hepatocytes, all of these processes may be stimulated by HAP. Initial aggregate formation occurs in a short time period and consists of a reversible binding followed by a stable bonding between homotypic cells (34) . Glutamine and ascorbic acid have been shown to enhance the formation of stable binding between chick embryo hepatocytes (9), but did not produce any enhancement of aggregation under our assay conditions. It is known that the commitment of cells to specific differentiated function is made early in development. In the chick embryo, two or more inductive processes are involved in determination of hepatocyte differentiation (35) . It is possible that HAP and HAI may be related to mesenchymal inducers involved in liver cell differentiation, most likely in processes involved in histological development (36) . A balance between the levels of HAP and HAI may play a role in regulation of liver growth, such as the stimulation that occurs in liver regeneration (37) (38) (39) .
